The evolution of rabies viruses of predominantly European origin was studied by comparing nucleotide sequences of the nucleoprotein and glycoprotein genes, and by typing isolates using RFLP. Phylogenetic analysis of the gene sequence data revealed a number of distinct groups, each associated with a particular geographical area. Such a pattern suggests that rabies virus has spread westwards and southwards across Europe during this century, but that physical barriers such as the Vistula river in Poland have enabled localized evolution. During this dispersal process, two species jumps took place -one into red foxes and another into raccoon dogs, although it is unclear whether virus strains are preferentially adapted to particular animal species or whether ecological forces explain the occurrence of the phylogenetic groups.
Introduction
Lyssaviruses, such as that which causes rabies, are negativestrand RNA viruses that can be divided into seven genotypes Gould et al., 1998) . Viruses of genotypes 1, 5 and 6 are characterized by their natural and stable association with specific mammalian species which act as vectors for their transmission, so that a number of phylogenetic lineages co-circulate among a range of mammalian species (Kissi et al., 1995 ; Amengual et al., 1997) . Infection of an animal with a lyssavirus that originated within a different reservoir population will generally lead to a fatal self-limiting rabies-like infection (a ' spill-over '), as in the case of humans, and only occasionally to a new stable enzootic infection (Blancou et al., 1983 (Blancou et al., , 1991 .
Occasionally lyssaviruses gain access to new populations of susceptible hosts, particularly those which are geographically restricted (Rupprecht & Smith, 1994) , or evolve to infect previously less susceptible hosts Smith et al., 1992 Smith et al., , 1995 Tordo et al., 1993 ; Nadin-Davis et al., Author for correspondence : Herve! Bourhy.
Fax j33 1 40 61 30 20. e-mail hbourhy!pasteur.fr † This paper is dedicated to the memory of the late Katariina Kulonen. 1994). It is evident that such an adaptive process took place in Europe during the first decades of this century when rabies virus became established in the red fox following a decline in incidence among urban dogs and wolves (Zeeti & Rosati, 1966 ; Petrovic, 1987) . Although the virus initially failed to adapt to red foxes, as shown in the records of animal deaths (Barbier, 1929 ; Jaujou, 1949 ; Steck & Wandeler, 1980 ; Blancou et al., 1991) , by 1940-1945 rabies-infected foxes were regularly found at the former Russian-Polish border (Zunker, 1954) and in the region of Gdansk in northern Poland (Seroka, 1968) . Subsequently, the infection of red foxes spread to the rest of Europe, reaching France by 1968 (Atanasiu et al., 1968) .
The study described here was designed to determine the evolutionary history of rabies virus in Europe using nucleoprotein (N) and glycoprotein (G) gene sequences. In particular, we wished to determine the level and structure of standing genetic variation within European rabies viruses and reveal what evolutionary processes might have given rise to this structure. Furthermore, as little is known about how the host range of rabies virus is determined at the molecular level, we also aimed to identify those mutations, if any, which might have allowed the virus to infect new species. The N gene was chosen for this analysis because it encodes an internal protein involved in the regulation of transcription and replication and 1994 1986 1993 1991 1992 1985 1986 1987 1987 1996 1996 1996 1996 1993 1992 1993 1993 1994 1993 1992 1993 AF033888  AF033870  AF033889  AF033871  AF033872  AF033873  AF033874  AF033875  AF033876  AF033890  AF033877  AF033878  AF033879  AF033891  AF033894  AF033892  AF033895  AF033893  AF033896  AF033881  AF933880  96104POL  96105POL  96106POL  96140POL  96152POL  96156POL  96159POL  96161POL  96174POL  96176POL  96250POL  96253POL  96256POL   Fox  Fox  Fox  Raccoon dog  Fox  Raccoon dog  Dog  Cat  Fox  Fox  Fox  Raccoon dog  Fox 1995 1995 1995 1993 1995 1993 1995 1993 1994 1994 1996 1996 1996 Poch et al. (1988) could therefore be an important factor in host adaptation (Kissi et al., 1995) . The G gene encodes an external protein important in pathogenicity (Dietzschold et al., 1983) and which reacts with cellular receptors of rabies virus, and so may also be important in determining host range (Tuffereau et al., 1998 ; Thoulouze et al., 1998) . To this end, 245 isolates of rabies virus, stemming from a range of mammalian hosts and a variety of geographical locations, particularly within Europe, were analysed either by sequencing or by RFLP.
Methods
Extraction of RNA, PCR and sequencing. Ninety-five isolates, the original hosts and geographical sources of which are given in Table  1 , were chosen as representatives of the spatial and temporal diversity of rabies virus in Europe and to a lesser extent the Middle East. Brains were obtained from naturally infected animals or after a limited number of passages through suckling mice. RNA extraction and cDNA synthesis were performed as previously described (Sacramento et al., 1991) . PCR amplification and sequencing were performed according to Amengual et al. (1997) with primer sets N7 (nucleotides 55-73) and N8 (nucleotides 1584-1568), GH3 (nucleotides 3891-3908) and GH4 (nucleotides 4621-4602), and G (nucleotides 4665-4687) and L (nucleotides 5520-5539) for the N, G and G-L genomic regions, respectively (positions are described relative to the PV genome ; Tordo et al., 1986) . These data have been submitted to GenBank and assigned accession numbers (Table 1) . Also included in the analysis were 15 previously determined sequences representing laboratory strains and isolates from the Arctic region and Africa (Table 1) .
In addition to the sequence data, a further 135 European isolates were amplified by PCR and then analysed by RFLP. This analysis was based on 400 bp of the N gene using primers N53 (5h GGATGCCGACAAG-ATTGTAT 3h, nucleotides 73-92 of the PV sequence ; Tordo et al., 1986) and N55 (5h CTAAAGACGCATGTTCAGAG 3h, nucleotides 491-472 of the PV sequence ; Tordo et al., 1986) . The details concerning those isolates typed by RFLP only are available from the authors upon request.
Analysis of isolates by restriction fragment length polymorphism.
One µl of the amplified products was digested by selected restriction endonucleases and run on a 2 % agarose gel with ethidium bromide as described previously . On the basis of the alignment of the nucleotide sequences described in this study and by using the MAPSORT program implemented in the GCG package (Version 8.1-UNIX, program manual for the Wisconsin Package, 1995), four restriction endonucleases (BsaBI, HindIII, MboII and NlaIV) were selected for their ability to differentiate the European isolates.
Sequence analysis. After the removal of identical sequences, 33 complete N gene sequences (1350 bp), 29 partial G gene sequences (690 bp) and 85 partial N gene sequences (400 bp) were available for analysis. Multiple sequence alignments of these data were generated with the CLUSTALW program (Thompson et al., 1994) . For 19 isolates, both N and G gene sequences were available and so were concatenated into a combined alignment of 2040 bp.
Phylogenetic trees were constructed using the maximum likelihood (ML) method available in the 4.0d65 test version of PAUP* kindly provided by David L. Swofford. The HKY85 model of nucleotide substitution was used in all cases, with the transition\transversion (Ts\Tv) ratio and α shape parameter of a gamma distribution (with eight categories) of rate variation among sites estimated from the empirical data. The values of these parameters for each data set are given in Table 2 . To gauge how well each node on the trees was supported, a bootstrap analysis was undertaken (1000 replications), although computational constraints meant that this was performed on neighbour-joining trees reconstructed under the ML substitution model. Monte Carlo simulation (the parametric bootstrap) was then used to determine whether trees estimated on different genes had significantly different topologies, with replicate ML trees generated using the Seq-Gen program (Rambaut & Grassly, 1997 The branching structure of the ML trees, in particular the relative rates of cladogenesis, were analysed using the End-Epi package , while the parsimony algorithm within the MacClade program (Maddison & Maddison, 1992) was used to reconstruct the unambiguous amino acid changes along each branch of these trees so that substitutions specific to different groups of viruses could be identified. Finally, the number of nucleotide substitutions per synonymous (d S ) and nonsynonymous (d N ) site were estimated using the method of Nei & Gojobori (1986) , implemented in the MEGA sequence analysis package (Kumar et al., 1993) and plotted for individual codons using the SNAP program (available at http :\\hiv-web.lanl.gov\SNAP\WEBSNAP\ SNAP.html).
Results

Phylogenetic analysis of sequence data
The entire N-coding sequence (1350 bp) was studied from 33 virus isolates, 22 of which were of European origin. The topology of the ML tree of these data reflects both the host and the geographical location of virus isolates : viruses from the same host tend to cluster together, as do viruses from the same region (Fig. 1 a) . A group of viruses isolated from red foxes (Vulpes vulpes) in Europe receives good bootstrap support (78 %), as does a cluster representing viruses isolated from the Arctic fox (Alopex lagopus) (100 % bootstrap support) and three viruses obtained from raccoon dogs (Nyctereutes procyonoides) (89 % bootstrap support), although this latter group falls within the larger red fox cluster. A number of smaller groups can be recognized within the red fox clade, all of which correspond to viruses isolated from particular geographical locations. Specifically, fox viruses from eastern Europe (EE) tend to group together, as do those from western Europe (WE) and central Europe (CE), the latter of which was previously described by Sto$ hr et al. (1992) using monoclonal antibodies. Significantly, the raccoon dog viruses are also found within a particular geographical area, north-eastern Europe (NEE), although their precise phylogenetic relationship to the fox strains is uncertain, as is indicated by low bootstrap support for the critical node (shaded in Fig. 1 a) . Within the WE group, one virus (86111YOU) was in fact collected from Bosnia, suggesting that this clade is dispersed over a wider geographical area, and although strain 9213ALL (from Germany) clusters with the CE group, it is more similar to the WE group at the amino acid level, implying that it represents an early offshoot of the CE viruses.
A number of isolates depict more complex associations between host and phylogeny. In particular, the viruses isolated from dogs and jackals fall into two groups -those collected in Africa, and a single strain isolated from the Middle East (8681IRA), which falls closer to the European fox viruses, suggesting that it might represent an ancestral population. Of equal note are two virus strains isolated from eastern Europe, 86107YOU and 9215HON, isolated from red foxes and humans, respectively, and which seem to occupy an ' intermediate ' position between the dog and fox viruses. A third virus, 8658YOU, isolated from cattle in eastern Europe is more divergent still.
Because of the strong patterning by geographical location and host species seen in the complete N gene phylogeny, we decided to examine a much larger number of virus isolates using a 400 bp region from the amino terminus of the N gene, previously identified as one of its most variable regions (Kissi et al., 1995) . This analysis focused on 85 unique isolates from the Arctic, Africa, the Middle East and Europe (including the 22 analysed previously). The ML tree of these data is shown in Fig. 1 (b) and is congruent to that obtained from the complete N gene in that the geographically distinct clusters of rabies virus in Europe are evident, although often with weaker bootstrap support. One conspicuous difference is that the CE group appears to be derived from the WE group on a long branch. However, the log likelihood of this tree is only marginally better (k2591n94597 versus k2596n47731) than one in which the position of the WE and CE groups have been rearranged to give the ML topology seen in the analysis of the complete N gene.
Of more importance is that the NEE group (95 % bootstrap support) is now found to cover a wider geographical area, including Poland, Estonia, Lithuania and Finland, and includes viruses isolated from both red foxes and raccoon dogs, showing that both species are effective reservoirs for this variant of rabies virus. Furthermore, isolates 86107YOU and 9215HON are both placed close to dog rabies viruses (although with weak bootstrap support), suggesting that they may represent early cross-species transmissions from the dog viruses that circulated in Europe early this century, while the 8658YOU cattle strain remains divergent. Finally, the dog and jackal isolates again form two groups, with those from the Middle East more closely related to the European fox viruses than those from Africa.
To determine whether similar evolutionary patterns are found in other genes of rabies virus, we performed a phylogenetic analysis on a 690 bp region encoding the central Horizontal branches are drawn to scale and the tree is rooted with isolates 8636HAV and 8660GUI, representative of African type 2 lyssaviruses (Kissi et al., 1995) . Numbers at each node indicate the degree of bootstrap support (derived on neighbour-joining trees using the ML substitution model), although only those with greater than 70 % support are indicated. Numbers and letters at the ends of the branches refer to the identifying code of the isolate (Table 1) . Viruses associated with the fox-raccoon dog group are boxed and uncertain nodes are shaded. Abbreviations for the different geographical groupings are described in the text. part of the ectodomain of the glycoprotein, another region which exhibits a high degree of sequence variation . For this purpose, 29 G gene sequences were determined, 22 of which were isolated in Europe with three from Africa (Benmansour et al., 1992) . The results of this analysis are presented in Fig. 2 . Although many of the phylogenetic relationships depicted are the same as those seen in the N gene tree -that is, there is a general association by host and place of isolation -the EE strains are no longer the most divergent set of fox viruses, instead falling closer to the WE strains, with the fox-raccoon dog NEE strains now more divergent. Whilst some of these nodes are well supported, others are more ambiguous, including those where the G gene phylogeny differs from the N gene phylogeny, such as the divergent position of the NEE isolates (nodes shaded in Fig. 2) . The phylogenetic relationships within each group of viruses were also uncertain in places, and were the main reason why 135 trees of equal likelihood were reconstructed on these data.
CFFA
To assess whether the incongruence between the N and G trees was simply due to a lack of phylogenetic signal or is more fundamental, we undertook a detailed analysis of the 19 virus isolates of European origin (representing all the geographical groups), for which both N and G gene sequences were available. The ML trees for these data closely resembled those constructed previously, with some differences in branching order among the groups of fox viruses (trees not shown, available on request). To determine whether these two trees differed significantly in topology we used Monte Carlo simulation. This first involved comparing the likelihood of the ML tree for the N gene (k4455n25319) to the likelihood of the ML topology for the G gene, but fitted to the N gene sequence data (k4514n82351). Next, 100 replicate data sets of the same length as the real data were evolved along the G gene topology (i.e. the null hypothesis) according to the same evolutionary model (i.e. base composition, Ts\Tv ratio and α value) as in the real data. ML trees were then reconstructed on each replicate to give a null distribution of likelihood scores (range k4308n78899 to k4980n81761). As the likelihood of the ML tree for the N gene falls within this distribution we can say that the N and G tree topologies differ by no more than might be expected by chance. This analysis was then repeated on the G gene data, with the N gene tree topology now assumed to be the null hypothesis (k2054n88972). As before, the likelihood of the G gene ML tree (k2013n37674) fell well within the null distribution produced by the simulated data (range k1800n32235 to k2284n39825).
As we found no evidence that the N and G gene trees differ in topology, we were able to combine the 19 N and G gene sequences in a single phylogenetic analysis. This resulted in an ML tree containing elements of those constructed on the two genes separately (Fig. 3) . Specifically, the NjG tree resembles the G gene phylogeny in clearly placing the NEE isolates as more divergent than the red fox groups, but shares a similar topology with the N gene tree in that the CE strains are closer to the WE strains than are the EE strains. Significantly, many of these important nodes now receive strong bootstrap support (Fig. 3) . Although the increase in bootstrap support is influenced by the smaller number of taxa compared, it should be noted that all the major groups were represented in analysis, with the reduction in number mainly due to the loss of sequences within groups. We therefore believe that the phylogenetic relationships among the geographical groups of rabies virus in Europe are best represented by the phylogeny of the combined N and G data sets.
As well as considering their topology, we also analysed the branching structures of our phylogenetic trees as these may reveal more about the processes by which rabies viruses have spread across Europe. All the phylogenies appeared to have a highly asymmetrical ' ladder-like ' appearance, with the deepest lineages in the north and east of Europe and the most recent towards the west of the continent. To quantify this we determined the extent to which branches differed in their probability of producing daughter lineages, i.e. that they have different rates of cladogenesis. This was done using the ' relative cladogenesis statistic ', Pk, which measures the CFFB H. Bourhy and others H. Bourhy and others probability that a lineage present at time t in the past, will have k tips (compared with the total number of tips) by time 0 (the present) under a null model of a constant rate of lineage birth and death (Nee et al., 1994 ; Zanotto et al., 1996) .
For the complete N gene tree, 26 tips beginning with the divergence of 8658YOU were found to have produced significantly more daughters than expected under the null model of a uniform rate of cladogenesis (Pk 005). Such a biased branching process was also found in the tree of the partial N gene sequences in which 80 tips, beginning with the divergence of PV and 8658YOU, were linked in an asymmetric fashion (Pk 0n01). Similar, although less strong, results were found in the G gene tree, for 22 tips starting with the divergence of the 8658YOU, 9215HON, 86107YOU and NEE clade (Pk 0n05), and for the 15 tips in the NjG tree beginning with split of 9215HON (Pk 0n05). We therefore conclude that the phylogenetic trees of these isolates are strongly biased in their branching structures.
Geographical distribution of European rabies virus isolates
A further 135 isolates of rabies virus from central-eastern Europe were typed by RFLP according to the geographical (and phylogenetic) groups we describe above. The size of the bands expected in the RFLP profiles of the different phylogenetic clusters were as follows : (i) NEE (BsaBI, 400 bp ; HindIII, 210 and 190 bp ; NlaIV, 391 or 400 bp) ; (ii) EE (BsaBI, 400 bp ; HindIII, 400 bp ; NlaIV, 400 bp ; MboII can be used as a positive control, 271 and 129 bp) ; (iii) WE (BsaBI, 400 bp ; HindIII, 400 bp ; NlaIV, 300 and 91 bp) ; (iv) CE (BsaBI, 283 and 117 bp ; HindIII, 400 bp ; NlaIV, 300 and 91 bp).
From this analysis (as well as the sequence data), we were able to map the location of the different phylogenetic groups of rabies virus within Europe (Fig. 4) . A clear picture of geographical subdivision is revealed with the Vistula (or Wista) river in Poland separating the CE and NEE clusters and, to a lesser extent, the Bohemian and Carpathian mountains reinforced by the Danube river in the Czech Republic, Slovak Republic, Austria and Hungary isolating the EE viruses. To be more specific, the NEE cluster was found in Finland, Estonia, Lithuania, Poland and in the eastern part of the Slovak Republic. In Poland, the NEE group is limited to the eastern side of the Vistula river, with the exception of four isolates found close to the river. In contrast, the CE cluster was isolated mainly in the west and south of Poland (i.e. to the west of the Vistula river), the east of Germany, the Czech Republic and Slovenia. One CE isolate was also found in Poland near the Lithuanian border. The WE cluster was found in a region stretching from France and Belgium to the west and south of Poland. It was also isolated from Switzerland and Austria, and was frequently found in the south of this region, particularly in Slovenia, Bosnia-Herzegovina and the Federal Republic of Yugoslavia. The EE cluster was limited to the south-east of the Czech Republic and Poland, to Bosnia-Herzegovina and to Hungary. These data also confirmed the host specificity of rabies virus (Table 3 ). The red fox was the predominant host for the EE, WE and CE groups, with 75 %, 75n6 % and 62n8 % of all specimens analysed stemming from this animal, respectively. The second most important host species was the raccoon dog : 35 % of isolates from the NEE group were obtained from raccoon dogs, and if we consider only the 43 samples originating from Estonia, Finland, Lithuania and the administrative subdivisions in northern Poland bordering Russia, Byelorussia and Lithuania (Olsztyn, Bialystok and Suwalki), where the density of raccoon dogs is greatest having been introduced into this region for fur farming between 1927 and 1957 (Nowak & Paradiso, 1983) , a predominance of raccoondog-associated viruses is apparent (53n5 % raccoon dog, 32n5% fox). Since their introduction into NEE, raccoon dogs have gradually dispersed westwards ; 18n6 % of the CE strains came from this species, although we found no animals infected with viruses from the EE and WE groups (a lack of surveillance of rabies in raccoon dogs could, of course, underestimate the impact of rabies in this species). Similarly, a predominance of dog and jackal isolates (n l 17, 70n5 %) was found in the samples collected from the Middle East and Africa.
Host adaptation at the molecular level?
Our next task was to determine, for both the N and G genes, the amino acid changes which distinguish each group of viruses in the hope of identifying those which may have facilitated the change in host species and\or geographical location. This was done by reconstructing, using parsimony, the unambiguous amino acid changes along each branch of the ML tree. Surprisingly, perhaps, few amino changes are apparent, suggesting that both proteins are subject to relatively strong selective constraints : 112 amino acid changes were reconstructed on the N gene tree and just 59 on the G gene tree. A single amino acid substitution separated the fox (CE, EE and WE) groups in the N gene, an Asp to Asn (in the case of EE) or to Ala (CE and WE) change at position 101. Another amino acid substitution separated the fox-raccoon dog (NEE) group in the N gene, an Asp to Gly change at position 115 (which has convergently appeared in the Arctic fox group), along with two changes in the G gene, an Ile to Val change at position 357 and a Lys to Arg change at position 361. In contrast, isolates from the Arctic fox are more divergent, being distinguished by six amino acid changes in the N gene and four in the G gene. It is also noteworthy that most amino acid changes are located on the branches leading to each phylogenetic group or to individual isolates, rather than on the internal edges between groups. Such a pattern suggests that the initial spread of the virus through Europe, and to the different species, was achieved with little adjustment to the viral proteins, but that subsequent local evolution (i.e. on the branches leading to each group) has occurred which involved more amino acid changes. This is especially true of isolates 8658YOU, 86107YOU and 9215HON, which have accumulated seven, five and seven amino acid changes, respectively, in the G and N genes.
To determine whether any of these amino acid changes might have been fixed by natural selection, we calculated the mean numbers of synonymous (d S ) and nonsynonymous (d N ) substitutions per site in both the N and G genes (the two African type 2 lyssaviruses were removed from the N gene analysis to make the results more comparable between genes). As expected given the relatively low numbers of amino acid changes, d S was much greater than d N in every case, therefore providing no evidence for positive selection (i. G genes and identified those with higher rates than the mean d S across all codons, which we assume is a marker of the background (neutral) mutation rate. These results are shown in Fig. 5 and reveal a single codon in the N gene (position 101) and three in the G gene (positions 1, 5 and 175) with elevated rates of nonsynonymous substitution. It is intriguing that N gene codon 101 falls into this category because, as noted above, it contains amino acid substitutions which distinguish the red fox viruses. While is it is possible that selectively advantageous substitutions have been fixed at these sites, the small numbers of changes involved, and hence the likelihood of sampling artefacts, mean that these results should be interpreted with caution.
Discussion
In order to understand the evolution of rabies virus in Europe, particularly the adaptation to new host species, 245 isolates of the virus were either sequenced or typed by RFLP. The European continent represents an ideal opportunity to undertake a study of this kind because several strains of rabies virus co-circulate within this region and infect a range of mammalian species. Our analyses of these data uncovered two distinct, but clearly related, patterns : viruses from the same geographical area tend to group together as do isolates taken from the same host species, although less strongly.
Not only were the phylogenies we obtained strongly ordered by geography, but they also had a strong ' ladder-like ' structure, with the deepest branches belonging to viruses collected in the north and east of Europe, and the most recent branches belonging to viruses collected further west and south. From this we conclude that our phylogenetic analysis documents the gradual dispersal of rabies virus from the northeast to the south-west across Europe, as has been previously suggested based on epidemiological data (Blancou et al., 1991) . A similar east to west movement was previously documented in tick-borne flaviviruses, a process which perhaps took around 2000 years to unfold (Zanotto et al., 1995) . The spread of rabies viruses that we describe clearly occurred much more recently than this, as is evident from the epidemiological records of rabies cases this century (Zunker, 1954 ; Seroka, 1968 ; Atanasiu, 1968) .
Despite the fluidity of rabies virus transmission in Europe, it is equally clear that its spread can be contained to some extent by natural physical barriers such as the Vistula river in Poland, most likely by restricting the movement of infected hosts. In this respect, our sequencing and RFLP data show that virus isolates in central-eastern Europe have a strong geo-graphical clustering, suggesting that there is some degree of genetic isolation. In these circumstances it would seem pertinent to continue surveillance of the different populations of fox rabies virus within Europe as we might expect the continued adaptation to local mammalian fauna, as is highlighted by the species jump to raccoon dogs (see below), and to monitor whether the NEE cluster will eventually disperse further westwards as raccoon dogs have themselves done.
During the westwards and southwards movement of rabies virus across Europe two changes of host species took place. The first occurred when the virus initially jumped from dogs to foxes, although it is unclear from our analysis exactly where this took place. However, as the deepest branches of the fox virus tree are found in eastern Europe, we suggest that a species jump in this region seems the most reasonable interpretation of the data. The second change in host took place in north-eastern Europe when rabies viruses colonized raccoon dogs. From our phylogenetic analysis it is not possible to determine precisely whether the source of the virus in raccoon dogs was infected foxes, or whether the virus jumped directly from dogs and was then passed to the local fox population. Nor is it clear what ecological pressure (if any) precipitated this host switch, although it is apparent that raccoon dogs are a common enough wildlife species to be able to sustain such an infection. That the NEE strain is found in the region where the population of raccoon dogs is greatest suggests that the density of susceptible hosts, as well the close proximity of a donor species, are major ecological factors in the establishment of rabies virus in a new host species and also that perhaps the NEE strain is preferentially adapted to this species, although this is clearly an issue that needs to be explored further.
Finally, the status of three virus strains collected from humans, red fox and cattle in eastern Europe and which represent divergent lineages on the trees is unclear, although it seems most likely that they were derived from dog rabies viruses. It is therefore possible that they represent spill-over infections with viruses belonging to lineages which were established early this century when dog viruses were more commonly found in EE and before the red fox was established as the major reservoir of rabies infection. Such a spill-over of Canidae-associated viruses into wildlife species is frequently observed (Nel et al., 1997) .
Given the existence of geographically distinct variants of rabies virus, the next question to address is whether functionally important amino acid changes have accumulated between them, particularly those that might have enabled adaptation to different host species. Strikingly, both the G and N proteins are generally conserved with few amino acid replacements accumulating among the strains studied. In particular, very few amino acid changes were found to accompany the change in transmission from dogs to foxes or raccoon dogs, although it is also possible that key mutations reside in other genes. In a similar vein, an analysis of the relative numbers of synonymous and nonsynonymous substitutions revealed that both the G and N genes are under relatively strong selective constraints, although some codons have experienced much higher rates of nonsynonymous change than others (and higher than the background silent substitution rate), which may signify localized positive selection pressure (Kissi et al., 1999) . Although the significance of these changes is unclear, they merit careful investigation at the structural-functional level as it is possible that they are of phenotypic importance.
Considering that all strains of rabies virus in Europe are not equally able to infect dogs, foxes and raccoon dogs (Blancou et al., 1983 ; Blancou & Aubert, 1997) , our study confirms previous suggestions that the infection of new host species in nature could be caused by a small number of genetic changes in rabies virus, involving just a few amino acid replacements (Tuffereau et al., 1989 ; Kissi et al., 1999) . However, this does not exclude the possibility that some of the phylogenetic groups we describe reflect instead the ecological separation of individuals belonging to the same or different host species, as has been observed in other viruses (Nickels & Hunt, 1994 ; Parrish, 1994) . Such a conclusion distinguishes the N genes of rabies virus from the capsid genes of some other negativestrand RNA viruses, such as influenza A virus (for a review see Webster et al., 1992) , and positive-strand RNA viruses like coxsackieviruses and alphaviruses (Villaverde et al., 1991 ; Ishiko et al., 1992 ; Domingo & Holland, 1994 ; Weaver et al., 1994) , which often evolve at greatly elevated rates at amino acid changing sites, presumably because of strong positive selection.
To conclude, given that we provide strong evidence that local genetic differentiation is taking place within European rabies viruses, we urge that further studies of virus variation be undertaken so that we may come to a greater understanding of the mechanisms controlling adaptation to new host species, information that is crucial to the greater goal of eliminating terrestrial rabies from Europe.
